ing uniformly C"-labeled glucose instead of cold glucose. The labeled cells were mixed with a mass of unlabeled cells, and the endotoxin was prepared as usual. Since under these conditions all carbon atoms in the products of bacterial metabolism had statistically the same label, the amount of endotoxin in a sample could be calculated from the radioactivity.
In batch E-68-C" a total of 50 ,uc C" of uniformly labeled glucose was used; in batch E-69-C", 150 ,uc. Specific activity of endotoxin E-68-C" was 4,500 cpm per mg, and that of E-69-C" was 28,000 cpm per Ag. Antiserum. An immune serum was prepared in rabbits with cells of E. coli 0: 113 that had been boiled for 21 hours. The animals were injected intravenously every other day for 3 weeks and bled 5 days after the last injection.
Sucrose density gradient. Linear sucrose gradients from 1.0 M to 0.2 M were prepared in a special mixing chamber by adding distilled water to 1 M sucrose solution with continuous stirring by a magnetic stirrer. The sucrose solution of decreasing molarity was carefully layered into a centrifuge tube with a polyvinyl tube connected with the bottom of the mixing chamber to a volume of 28.5 ml. The test sample, containing 1 mg of endotoxin dissolved in 1 ml 5% glucose, was layered over the top through a tuberculin syringe.
Ultracentrifugation was performed in a Spinco model L ultracentrifuge with an SW 25.1 swinging bucket rotor for 17 hours at 25,000 rpm and a running temperature of + 50 C. After centrifugation the bottom of the centrifuge tube was perforated, and 28 to 30 fractions of 1 ml were collected in graduated test tubes.
Spectrophotometric analysis. Ultraviolet (UV) -absorption was determined in a Beckman DB spectrophotometer provided with a Photovolt automatic recorder to record scanned UV spectra.
Radioactivity measurements. Radioactivity of C"4-labeled samples was determined by suspending samples in thixotropic gel and counting in a Packard Tri-Carb liquid scintillation counter. Cr' radioactivity was measured in a liquid well scintillation counter. 4 Gel filtration. Sephadex gel of different porosities was used. Small columns were prepared in disposable plastic or glass syringes with a bed volume of 10 to 70 ml. The flow rate was adjusted as desired by using needles of different gauge. Water and saline were used interchangeably as a vehicle for the samples and for elution. Fractions of 1 or 2 ml were collected.
Lethality. Adrenalectomized mice were used to provide a system sensitive enough for assaying the injection of endotoxin. Samples of adjacent fractions from the sucrose gradient were pooled and diluted in normal saline, and 0.25-ml volumes were injected intravenously into 10 to 15 adrenalectomized mice per dilution. The amount of endotoxin injected was determined from its radioactivity. Calculations of the LD0o and of the relative potencies with 95%1 confidence limits were done by the probit analysis of Finney (11) The data were processed in a computer LGP 30 for which a probit analysis program was written.6 Pyrogenicity. The test preparations were injected into the marginal ear vein of carefully conditioned albino rabbits weighing 3 to 5 kg. Rectal temperatures were taken with a Sargent thermistor apparatus hourly for 8-hour periods before and after injection of the samples to be tested and the results expressed in square centimeters of fever according to the method of Keene, Silberman, and Landy (12) . The fractions from sucrose gradient were diluted serially tenfold and 0.25-ml portions injected. The dose injected was calculated from the radioactivity of the C1' label. The relative pyrogenic potency of the sucrose gradient fractions as compared to the parent endotoxin was calculated with 95% confidence limits by the parallel line assay (13) . These data were also processed in the computer with a parallel line assay program. 6 Antibody titration by the hemagglutination procedure. The ability of the test materials to stimulate antibody formation was determined in the rabbits that were used for the pyrogen assay. Seven and 14 days later the titer of serum antibody was determined by hemagglutination of red cells sensitized with alkali-treated endotoxin. The technique for the hemagglutination test has been described elsewhere (14) .
Antigen analysis by precipitin reactions in agar. Precipitin reactions in agar were carried out by the method of Ouchterlony (15) , as modified by Halbert, Swick, and Soner (16) . The antiserum was placed into the center well and the different antigens into the outer wells.
The plates were kept for 7 days at + 40 C.
Results
Sucrose density gradient analysis of C"4-labeled E. coli 0:113 endotoxin Figure 1 shows the distribution of radioactivity and optical density at 254 mu in a typical sucrose gradient centrifugation of the endotoxin batch E-68-C14. The of about 25 OD U per mg of nucleotide material, the observed peak at 254 mu of about 6 OD U would account for only 50% of the radioactivity. This nucleic acid contaminant could easily be separated from the parent endotoxin by gel filtration on Sephadex G-25. (Figure 2 ).
The sucrose density gradient centrifugation of the same batch of endotoxin gave highly reproducible results with virtually identical distribution of radioactivity and optical density. A similar distribution of radioactivity in sucrose gradients was obtained with C'4-labeled E. coli 0:113 endotoxin (E-69-C14) that possessed no nucleic acid contaminants ( Figure 3 ). Lethality. The LD50 of the parent endotoxin E-68-0:113-C14 in normal SPF mice is approximately 300 ug, and in adrenalectomized mice 0.152 jug, with 95% confidence limits of 0.116 pg and 0.198 jug. The sensitivity of the mice to endotoxin is thus increased about 2,000 times after removal of the adrenals.
The distribution of lethality in a sucrose gradient centrifugation of the endotoxin is shown in Table I . The fractions with the highest lethal activity (11 to 16) were found in the midportion of the gradient where the increase over the parent endotoxin was approximately threefold. Both the fractions from the bottom and from the top of the gradient were less active. Fractions 1 to 3 were not significantly different from the parent endotoxin but were less active than fractions 11 to 16. Fractions 4 to 10 and 17 to 20 were still significantly more toxic than the parent endotoxin. Fractions 21 to 28 from the upper part of the gradient were considerably less active than the parent endotoxin.
From the input of 1 mg endotoxin containing about 6,500 LD50, we recovered about 5,800 LD50 (90%) in gradient fractions 1 to 24.
Pyrogenicity. The dose-febrile response curve for the parent endotoxin E-68-0:113-C'4, with the pyrogenic response expressed as square centimeters of fever, is shown in Figure 4 . Each point on the curve represents the mean fever response of four to eight rabbits. From a dose as small as 2.5 ,utg some of the rabbits suffered shock and subsequent drop-of temperature far below baseline values, so that they were not used for construction of the curve. The toxic effects after injection of 10 ,ug were probably responsible for the reduced fever response at this dose level.
Single fractions were assayed, and two to four rabbits were used for each dilution. The computer analysis of the fever indexes by the parallel line assay method (13) showed that fractions 1 to 22 were more pyrogenic than the parent endotoxin, with approximate relative potencies between 1 Undiluted fractions of the sucrose gradient also produced, as expected, the three precipitation lines of the parent endotoxin ( Figure 5 ). Figure 7 shows the distribution of radioactivity in a typical gradient of a freshly prepared solution. In contrast to our results with the C14-labeled endotoxin, which showed that 50% of the radioactivity is associated with the small particles in the fractions at the top, we found that the highest radioactivity from Cr51 appeared in the midportion of the gradient in parallel with the toxic material and that the nontoxic material of low molecular weight was virtually unlabeled. Figure 3 depicts the distribution in the sucrose gradient of a C"4-labeled E. coli endotoxin (E-68-C14) preincubated with 0.57%o SDS. SDS caused a shift of radioactivity to the top of the gradient.
The influence of SDS on the sucrose gradient analysis of a Cr51-labeled endotoxin (E-67) is shown in Figure 7 . The effect of SDS on the sedimentation pattern of endotoxin carrying the chromate label was more pronounced than on the C14-labeled endotoxin. Most of the radioactive material was shifted upward in the gradient with a peak at fraction 24 and a shoulder between fractions 19 and 21. Very little material remained in the lower half of the gradient. The majority of the chromate-labeled components was thus dissociated into two components. B) Influence of SDS on agar double diffusion.
After incubation with 0.5% SDS the outermost precipitation line of the untreated endotoxin E-67 disappeared, and the two remaining lines indicated that SDS treatment did not produce a homogeneous antigen. When the endotoxin was separated again from the SDS by precipitation with ethanol, the dissolved precipitate gave the three lines characteristic of the parent (untreated) endotoxin.
Identical agar diffusion patterns were produced with fractions from the -sucrose gradient after treatment of either C14_ or chromate-labeled endotoxin with SDS, as shown in Figure 8 C) Gel filtration of SDS-treated endotoxin.
The dissociation of endotoxin observed under the influence of SDS was next investigated with gel filtration on Sephadex. The columns were equilibrated with a 0.5% solution of SDS in H20, and the elution was carried out with the same solution. Endotoxin E-67 was dissolved in 0.5% SDS in H20 in a final concentration of 0.5%o. On G-25, G-50, and G-75 the endotoxin was eluted in a single, sharp peak after the void volume, as determined by UV absorption and assay for carbohydrate and protein. On G-100 a shoulder appeared on the right side of the endotoxin peak, which on G-200 was better separated and gave rise to a second peak containing carbohydrate and protein. D) Bioassays of SDS-treated endotoxin. 1) Pyrogenicity. Intravenous injection of 5 mg of SDS in NaCi, the highest dose tested, was harmless to rabbits and produced no change in body temperature. E. coli endotoxin E-68-C14 was incubated overnight with 0.5% SDS in saline at concentrations desired for the pyrogen assay. Four to eight animals were injected at each dose level. The pyrogenic response for SDS-treated endotoxin was not significantly different from the untreated endotoxin; the highest response was also found at a dose of 5.0 Mug, and 10.0 Mg produced a reduced fever resp6nse.
2) Induction of pyrogen tolerance The results of tolerance studies, illustrated in Figure 9 , showed that one injection of 0.5 ug SDS-treated endotoxin conferred tolerance 24 hours later to both the SDS-treated endotoxin and the parent endotoxin at the same dose level.
3) Shwartzman phenomenon. The production of the local Shwartzman-phenomenon was tested in adult albino rabbits. Twelve rabbits were pre- toxin intravenously, and two received 1.25 mg SDS alone, a dose equal to that given to the first group of rabbits.
Rabbits injected with untreated and those injected with SDS-treated endotoxin developed an identical local Shwartzman reaction, whereas rabbits challenged with SDS alone showed only a delayed inflammatory reaction with no hemorrhage or necrosis at the site of the preparative injection.
SDS-treated endotoxin could not be used for the preparative injection, since SDS causes focal necrosis of the skin upon intradermal injection.
4) Neutropenia. The action on leukocytes of SDS-treated endotoxin was compared to that of untreated endotoxin by injecting 0.5 ptg or 5 lkg intravenously into adult albino rabbits. Four animals were used for each dose of SDS-treated or untreated endotoxin. Leukopenia was marked 15 minutes after injection, reached its maximum 1 hour after injection, and was followed by neutrophilia at 4 hours. No significant difference was observed between untreated and SDS-treated endotoxin.
SDS alone in a dose equivalent to the amount given to the animals that received SDS-treated endotoxin caused no appreciable change in the leukocyte count during the time observed. 5) Lethality. The lethality of SDS-treated endotoxin in mice cannot be evaluated because of the high toxicity of SDS upon intravenous or intraperitoneal injection.
The lethal action of SD S-treated endotoxin could be appraised more satisfactorily in rabbits. Six albino rabbits weighing 2.5 to 5 kg were injected intravenously with each of a series of graded doses of endotoxin that had incubated overnight at room temperature with 0.5%o SDS. All the deaths occurred within 24 hours after injection. The mortality rate for each dose was as follows: 5.0 mg endotoxin, three of six rabbits; 2.5 mg endotoxin, two of six rabbits; 1.25 mg endotoxin, three of six rabbits; 0.625 mg endotoxin, two of six rabbits; 0.312 mg endotoxin, zero of six rabbits. With 2.5 mg untreated endotoxin, three of six rabbits died.
The lethality of SDS-treated endotoxin in rabbits is similar to that obtained with untreated endotoxin (17) . In evaluating the results we have to consider that the lethal action of SDStreated endotoxin may be due to the presence of undissociated endotoxin as was demonstrated in gel-filtration experiments. The results, therefore, are not conclusive. 6) Antigenicity. The stimulation of hemagglutinating antibody by SDS-treated endotoxin was studied in the same animals that were used for the pyrogen assay. The result are shown in Table II . They indicate that SDS-treated endotoxin is a poor antigen in the rabbit. Whereas a dose of 1.0 ,ug or higher of untreated endotoxin stimulated a fourfold or higher rise in hemagglutinating antibody in 20 of 20 rabbits, only two rabbits of 16 had a higher than fourfold increase in titer, and four rabbits had a fourfold increase with SDS-treated endotoxin.
Discussion
The finding that toxicity increased with particle size was in keeping with previous impressions that toxicity was a function of size. If this premise were true, it should have been possible to abolish toxicity by depolymerizing the particles into smaller units. The problem was therefore approached by examining simultaneously the effects of SDS on particle size, toxicity, and stability of the chromate label of endotoxin. The results did not support the original premise, for they showed that SDS reduced endotoxin to a small monodisperse particle with a size close to that of the nontoxic fractions of the parent endotoxin, but without a loss of toxic activity or chromate label.7 These findings indicated that size is not responsible for toxicity and are reminiscent of those reported by Skarnes and Chedid (19) , who isolated from normal mouse serum an alpha globulin fraction that seemed to reduce the molecular size of Salmonella enteritidis endotoxin without producing a loss of toxicity or chromate label. They postulated that reduction in size by a sserum component was a preliminary step to detoxification in the blood stream, since normal 7 The effect of SDS varies with the endotoxin.
Oroszlan and Mora (18) (6, 7, 19) . The binding of chromate may thus provide an important clue to the mechanism of toxicity.
The failure of SDS to affect the lethal, pyrogenic, neutropenic, or Shwartzman-inducing properties of endotoxin, or to dislodge the chromate label, indicates that the subunits of the macromolecule possess full toxicity. Although these subunits resemble in size the small nontoxic antigen in the Boivin extract, they are easily recognized as different substances by their toxicity and affinity for the chromate label.
The association of toxicity with large particles in the gradient suggests that the toxic subunits are assembled into large aggregates during synthesis of the cell wall. In addition to the toxic aggregates, it would seem that nontoxic aggregates of variable size are present in the Boivin antigenic complex and reduce toxicity per unit weight on both sides of the peak defined by lethality and chromate labeling. The failure of SDS-treated endotoxin to stimulate formation of hemagglutinating antibody suggests that toxicity may be dissociated from immunogenicity, but not from the ability to induce tolerance. Although this dissociation could represent the destruction of a nontoxic contaminating antigen, it might also result from the degradation of a toxic antigen into subunits too small for antibody stimulation.
To solve this problem and others raised by the present study, we are pursuing the separation of the toxic from the nontoxic fraction of the endotoxin complex and attempting to clarify the nature of the reaction between chromate and endotoxin.
Summary
The relationship between particle size and biological activity of Escherichia coli 0:113 endotoxin (Boivin) labeled with C14 or Cr5' was studied within a density gradient containing sucrose in concentrations ranging from 10 to 34%o. Approximately one-half of the Boivin extract collected near the top of the gradient as a relatively nontoxic substance capable of precipitating antiserum in agar but showing little if any capacity to stimulate antibody formation. The remainder of the endotoxin complex was uniformly distributed throughout the gradient with peak toxicity in the midportion of the gradient. Radioactivity from chromate-labeled endotoxin seemed intimately associated with toxicity, in contrast to that from C14, which was uniformly distributed throughout the endotoxin complex and produced a high peak at the top of the gradient. Dodecyl sulfate reduced the endotoxin into small monodisperse particles that appeared near the top of the gradient with a sharp reduction in ability to stimulate antibody formation but no demonstrable loss of toxicity or chromate label. The results indicate that toxicity is not a function of particle size, despite an apparent association between size and toxicity in endotoxin prepared by the Boivin technique. This association of toxicity with large particles suggests that the toxic subunits are assembled into large aggregates during synthesis of the bacterial cell wall.
